We have used circular permutation assays to determine the extent and location of the DNA bend induced by the DNA binding domain of human wild type p53 (p53DBD) upon binding to several naturally occurring DNA response elements. We have found that p53DBD binding induces axial bending in all of the response elements investigated. In particular, response elements having a d(CATG) sequence at the junction of two consensus pentamers in each half-site favor highly bent complexes (bending angle is ϳ50°), whereas response elements having d(CTTG) bases at this position are less bent (bending angles from ϳ37 to ϳ25°). Quantitative electrophoretic mobility shift assays of different complexes show a direct correlation between the DNA bending angle and the binding affinity of the p53DBD with the response elements, i.e. the greater the stability of the complex, the more the DNA is bent by p53DBD binding. The study provides evidence that the energetics of DNA bending, as determined by the presence or absence of flexible sites in the response elements, may contribute significantly to the overall binding affinity of the p53DBD for different sequences. The results therefore suggest that both the structure and the stability of the p53-DNA complex may vary with different response elements. This variability may be correlated with variability in p53 function.
We have used circular permutation assays to determine the extent and location of the DNA bend induced by the DNA binding domain of human wild type p53 (p53DBD) upon binding to several naturally occurring DNA response elements. We have found that p53DBD binding induces axial bending in all of the response elements investigated. In particular, response elements having a d(CATG) sequence at the junction of two consensus pentamers in each half-site favor highly bent complexes (bending angle is ϳ50°), whereas response elements having d(CTTG) bases at this position are less bent (bending angles from ϳ37 to ϳ25°). Quantitative electrophoretic mobility shift assays of different complexes show a direct correlation between the DNA bending angle and the binding affinity of the p53DBD with the response elements, i.e. the greater the stability of the complex, the more the DNA is bent by p53DBD binding. The study provides evidence that the energetics of DNA bending, as determined by the presence or absence of flexible sites in the response elements, may contribute significantly to the overall binding affinity of the p53DBD for different sequences. The results therefore suggest that both the structure and the stability of the p53-DNA complex may vary with different response elements. This variability may be correlated with variability in p53 function.
The wild type tumor suppressor protein p53 plays a critical role in many key cellular processes (1) (2) (3) . It acts as a transcriptional activator for a number of DNA damage and growth arrest genes including mdm2, gadd45, and p21/waf1/cip1; the product of the last is directly involved in inhibiting Cdk complexes leading to cell cycle arrest at the G 1 /S phase checkpoint (4 -7) . In addition to this protective role, p53 also up-regulates the human bax gene, the product of which heterodimerizes with the survival factor Bcl-2 and directly controls the apoptotic process (8) . p53 also negatively regulates the transcription of genes that have TATA box-initiated promoters by binding to the protein components of the basal transcription machinery and is thought to be directly involved in checking both viral and eukaryotic DNA replication (9 -11) .
Wild type p53 binds response elements through a sequencespecific DNA binding domain (p53DBD) 1 extending from amino acid residues 96 -308 (12) . Studies of tumor-derived p53 mutants have shown that they are defective in sequence-specific DNA binding and consequently cannot activate transcription (13) . These studies strongly suggest that sequence-specific DNA binding and transactivation are the key biochemical activities responsible for much of the biological function of p53. Mutations in the p53 protein have been associated with more than half of all forms of human cancers, and the p53 gene is thought to be the most frequently mutated gene in human cancer (13) . Over 1000 tumor-derived mutations have been found in p53, and the vast majority of these mutations are located in the p53DBD and affect its sequence-specific DNA binding (14) . This fact, supported by many biochemical and molecular genetic experiments, has suggested that p53 function is mediated by its DNA binding activity and transactivation properties (12, 15) . Wild type p53 binds over 100 different naturally occurring response elements associated with different specific functions; it has been estimated that the human genome may contain as many as 200 -300 such sites (16) . p53 response elements differ in details of specific base sequence, but all contain two tandem decameric elements or half-sites, each a pentameric inverted repeat. Most decamers follow the consensus sequence pattern RRRC(A/T)͉(A/T)GYYY, where R and Y are purines and pyrimidines, respectively, and the vertical bar denotes the center of pseudodyad symmetry (17) . One copy of these decameric half-sites is insufficient for the functional binding of p53, defined as the ability to transcriptionally activate a nearby reporter gene, but some binding is preserved when the two copies are separated by up to 21 bp (16) .
A cocrystal structure of the p53DBD nucleoprotein complex (18) has provided valuable insights into the binding specificity of p53 by identifying specific binding contacts (3, 19, 20) . However, since the asymmetric unit contained only a single normally bound p53DBD, many questions remain concerning the multisubunit nature of the full p53 nucleoprotein complex, the determinants of DNA binding specificity, and the overall organization of p53 tetramers bound to the DNA recognition site. A recent study using T4 ligase-mediated cyclization and analytical ultracentrifugation has shown that p53DBD binds cooperatively as a tetrapeptide to an important functional response element, p21/waf1/cip1, and induces substantial bending in the DNA (21) . More recent studies from this laboratory have shown that the requirement of DNA bending is maintained in dipeptide p53DBD complexes with several half-sites, which form at lower binding affinities than tetrapeptide complexes with full response elements.
2 From molecular modeling studies based upon high resolution chemical probe data, we have proposed a structural model for the complex of four human p53DBD peptides with the p21/waf1/cip1 response element. This model has provided a unique insight into the possible roles of DNA flexibility in the sequence specificity of p53 binding and has provided a rationale for the requirement of DNA bending both in the full tetrapeptide complex and in the individual decameric half-sites (22) . However, none of these prior studies have addressed the relationship between DNA bending and binding affinity in p53 nucleoprotein complexes.
In the present work, to further explore the relationships between DNA bending and p53 function, we have used circular permutation gel retardation and quantitative gel band shift assays to study the gel mobility retardation pattern of five biologically important binding sites: the p53 consensus binding sequence, a symmetric 20-bp binding sequence, the p21/waf1/ cip1 response element, the ribosomal gene cluster (RGC) sequence, and the SV40 replication origin sequence (23) (24) (25) (26) (27) . The accuracy of bend angles estimated using circular permutation assays has been questioned recently in the case of several bZip proteins including Fos and Jun (28, 29) (reviewed by Hagerman (30)) whose elongated shape and leucine zipper region differentiates them from most globular proteins. On the other hand, circular permutation assays provide bending angles that are in excellent agreement with results obtained from phasing and cyclization experiments and from x-ray crystallography for many globular proteins such as CAP, Cro, and the TATAbinding protein, and this method has been widely used to estimate DNA bending in such systems (31, 32) . Since the p53DBD peptide has a similar globular conformation (18), we believe that the circular permutation assay provides a satisfactory approximation to the true induced bending angles for this peptide bound to the various DNA response elements investigated in this work. Our data clearly show that the p53DBD binds with all of these binding sites cooperatively as a tetrapeptide and induces bending of the DNA. However, the bending angle varies considerably with different response elements over the range of 52-25°. Response elements having a d(CATG) sequence at the junctions of their consensus pentamers, i.e. the p53 consensus and symmetric sites and the p21/waf1/cip1 response element, are bent by ϳ50°, whereas bending is much less (ϳ37-ϳ25°) in the case of the RGC and SV40 response elements, both of which have a d(CTTG) sequence at the pentamer junctions.
Our results confirm an earlier report that p53DBD binds response elements cooperatively as a tetrapeptide and bends the DNA (21) . In this earlier work, cyclization studies were used to estimate a bending angle of ϳ50°in the p21/waf1/cip1 response element; the excellent agreement with the present result for this binding site provides further justification for the use of circular permutation to quantitate p53DBD DNA bending. We also find a positive correlation between the observed bending angles and binding affinities, i.e. the response elements that show higher bending angles also show higher p53DBD binding affinities, while response elements showing lower bending angles show much less binding affinity. A direct correlation between the binding affinity of p53 with various response elements and transcription activation has been observed by Kern et al. (25) . Furthermore, p53 consensus and RGC response elements have been characterized as distinctly different p53 binding elements; the former binds with certain p53 mutants and enhances transcriptional activity of the reporter genes, while the later does not bind with mutants (33) (34) (35) . Thus, our findings suggest that DNA bending may be a ubiquitous feature of p53DBD-DNA complexes irrespective of the DNA sequence and imply that the energetics of DNA bending may contribute significantly to the binding affinity of p53. In this event, the change in free energy associated with DNA bending in the p53-DNA complex may fine tune the transcriptional activation of p53-regulated genes.
MATERIALS AND METHODS
Preparation and Purification of p53DBD-A human p53 cDNA clone encoding amino acid residues 96 -308 was amplified by polymerase chain reaction using p53-specific primers 5Ј-ATATCATATGGTCCCT-TCCCAGAAAACCTA-3Ј and 5Ј-ATATGGATCCTCACAGTGCTCGCT-TAGTGCTC-3Ј. The amplified product was cloned in the pET12a expression vector (Novagen), and the core DNA binding domain was overproduced in Escherichia coli BL21 (DE3). The cells were incubated at 37°C until an A 600 of 0.6 -1.0 was attained, and 0.25 mM isopropyl ␤-D-thiogalactoside was added to induce the expression of the recombinant protein. Cells were harvested after 2 h by centrifugation, lysed in a French press, and sonicated for 2 min in 40 mM MES, pH 6.0, 100 mM NaCl, 5 mM dithiothreitol. The soluble fraction was loaded onto a Resource S column (Pharmacia Biotech Inc.) in 40 mM MES, pH 6.0, 5 mM dithiothreitol and was eluted in a 0 -400 mM NaCl gradient. The pooled fractions were precipitated by ammonium sulfate addition to 80% saturation and purified further on a Sephadex 75 HR gel filtration column (Pharmacia) in 50 mM bis-Tris propane-HCl, pH 6.8, 100 mM NaCl, 1 mM dithiothreitol. The purified p53DBD was checked on an SDS-polyacrylamide gel for purity.
Oligonucleotide Synthesis, Plasmid Constructs, and Circular Permutation Gel Retardation Assay-All of the oligonucleotides used in this study contained a 20-bp consensus p53 binding site in a 30-mer oligonucleotide having XbaI and SalI cohesive termini (Fig. 1A) . The oligonucleotides were synthesized using ␤-cyanoethyl phosphoramidite chemistry and purified on polyacrylamide gel using standard procedures (36) . These oligonucleotides were directionally subcloned at the XbaI and SalI restriction sites of DNA bending vector pBend3 (37) . The recombinant plasmids were prepared by an alkaline lysis procedure and sequenced to confirm the size and orientation of the insert. The purified plasmids were digested with MluI, NheI, SpeI, EcoRV, StuI, NcoI, and BamHI restriction enzymes to generate DNA fragments having a circularly permuted p53 consensus binding site (Fig. 1B) . The digested fragments were purified on a low melting agarose gel using a Geneclean kit (Bio101). The cohesive end fragments were labeled with [␣-32 P]dCTP and the Klenow fragment, whereas the blunt-ended fragments were dephosphorylated with calf intestinal alkaline phosphatase and then labeled with [␥-32 P]ATP and polynucleotide kinase. The labeled DNA fragments were again purified on a native polyacrylamide gel to eliminate traces of free label and other undesired fragments.
The labeled DNA fragments were mixed with poly(dI-dC) (200 ng) and incubated with the purified p53DBD in the DNA binding buffer (50 mM bis-Tris propane, HCl, pH 6.8, 1 mM dithiothreitol, and 50 mM NaCl) (10 l) at 4°C for 40 min. The amount of p53DBD was adjusted such that no more than 50% of the DNA was retarded due to complex formation. The reactions were mixed with 15% Ficoll (2 l) and loaded onto 5% native polyacrylamide gel. The gels were run in 0.25 ϫ TBE at 150 V for about 1.5 h, dried, and autoradiographed.
Calculation of p53DBD-induced DNA Bend Angles and Bend Center-p53DBD-induced DNA bending was measured by electrophoretic mobility shift assay using DNA fragments containing circularly permuted binding sites. The relative mobility (R F ) of the p53DBD-DNA complexes was defined as follows,
where Cm represents the migration of the fragments in the gel in centimeters. The lengths of the different probes varied from 145 to 149 bp due to the sequence of the pBend3 polylinker and the difference in labeling procedures (end filling versus kinasing). To adjust for the slight differences in the probe length, the relative mobilities of the p53DBD-DNA complexes were normalized against highest mobility probe. The average relative mobility from three different experiments was plotted as a function of the fractional displacement, defined as the distance in base pairs from the center of the p53DBD response element to the 5Ј-end of the noncoding strand of the DNA fragment divided by the total length of the fragment. These data, when plotted as relative mobility 2 P. Balagurumoorthy, unpublished results.
versus fractional displacement, could be approximated by a least squares fit to a parabolic function of the form y ϭ ax 2 ϩ bx ϩ c. The bending center (y ϭ minimum) was determined by setting dy/dx to 0 and solving for x. To determine bending angles, we have used the mathematical treatment derived by Ferrari et al., where the bend angle is determined from the values for a, b, and c, taken from the least squares fit to the quadratic equation, using the following equation: a or (Ϫb) ϭ 2c(1 ϩ cos). With this method, the values of using a or Ϫb should be identical, and their comparison offers a means for estimating the error in the measured bending angle. The angle of deviation from linearity, ␣, is related to by the equation ␣ ϭ 180°Ϫ (38) .
The magnitude of the protein-induced DNA bending was also calculated by a semiempirical equation described by Thompson and Landy (39) .
where M and E are the mobility of the protein-DNA complex with the binding site at the middle and end of the DNA fragment, respectively, k is a coefficient that depends upon the electrophoresis conditions, and ␣ is the angle of the protein-induced DNA bend. A k value of ϳ1 was obtained for our gel electrophoretic conditions using a calibration oligonucleotide having an intrinsic bend of 54°. The magnitude of the p53DBD-induced bend angles were determined using this same value of k.
Electrophoretic Mobility Shift Assay and Determination of Apparent Equilibrium Dissociation Constants-DNA binding affinities of the p53DBD with different response elements were assayed using electrophoretic mobility shift assays. The 30-mer oligonucleotide duplexes were labeled with [␥-
32 P]ATP and polynucleotide kinase, purified on a native polyacrylamide gel, and quantitated by UV spectrophotometry, using ⑀ values of 15,500
, and 7,500 M Ϫ1 cm Ϫ1 for the A, T, G, and C residues, respectively. The protein concentration was measured spectrophotometrically using a Bradford protein assay kit (Bio-Rad). The specific DNA binding activity of these preparations was found to be ϳ90%. Each labeled oligonucleotide (ϳ15 pmol) was mixed with poly(dI-dC) (200 ng) and incubated with increasing amounts of the known concentrations of active p53DBD in DNA binding buffer (10 l) for 40 min at 4°C. The samples were mixed with 15% Ficoll (2 l) to facilitate gel loading and electrophoresed on a pre-electrophoresed 7% polyacrylamide gel (29:1, acrylamide:bis) in 0.25 ϫ TBE for 2 h at 8 V/cm at 4°C. The loading was done rapidly to minimize the equilibration of the complex with the running buffer. The gels were then transferred to Whatman filter paper, dried under vacuum, and exposed to the x-ray film. The same gel was used to quantitate the free and the bound DNA using a PhosphorImager (BioRad). The exposure was adjusted to achieve a linear response of radioactivity with measured band intensities. Radioactivity scattered between the bound and the free bands was counted with the free probe. The quantitation of the different bands was carried out using Molecular Analyst, a Bio-Rad gel analysis software using standard procedures (40) .
The fraction of the free and bound molecules at each protein concentration was calculated by dividing the optical density of the band by the sum of the optical densities in all the bands in the same lane. Since the concentration of the DNA in these reaction mixtures was always Յ15 pmol, it was assumed that [p53DBD] total Ϸ [p53DBD] free , so the protein concentration required for half maximal binding is very close to K d (app) . The data were plotted in the form of a Bjerrum plot of the fraction of free DNA versus the log of protein concentration, and the dissociation constants (K d ) were determined as the protein concentration at which half of the free DNA was bound. In determining K d (app) , we chose the disappearance of the free DNA versus protein concentration rather than the appearance of the complex bands to account for any dissociation of the complex during the running of the gel. The free energy of binding was calculated using the relation ⌬G 0 ϭϪRT ln K (app) at 4°C, and the free energy of bending was calculated from the following equation (23) .
In Equation 3, ⌬ is the bending angle in degrees induced by binding of protein to DNA, and £(bp) is the number of base pairs involved in the complex. The DNA is assumed to have a persistence length of 150 bp (41, 42).
We have described the cooperative binding of the p53DBD with the response elements using the method of Senear and Brenowitz (43) for the two-site cooperative binding of protein with the DNA as described below.
In Scheme 1, k 1 and k 2 are the intrinsic binding constants to sites 1 and 2, respectively, and k 12 is the cooperativity coefficient. The fraction of the molecules [⍜] i that are free, single, and doubly liganded can be written, respectively, as follows,
where X is the concentration of the free protein. Plots of the fraction of free and bound DNA versus the log of protein concentrations were fitted to Equations 4 and 6, respectively, and the cooperativity parameter was calculated as described by Senear and Brenowitz (43) .
RESULTS

Binding of p53DBD to the Response Elements
Bends the DNA-Using T 4 DNA ligase-mediated cyclization assays, our laboratory has previously shown that the p53DBD binds the response elements cooperatively as a tetrapeptide and bends the DNA (21) . High resolution chemical footprinting has shown that four p53DBD peptides bind the full 20-bp p21/waf1/cip1 response element DNA in a staggered array, and molecular modeling based upon protein-DNA contacts identified by basespecific chemical probes has suggested that the bound p53DBD must bend the response element DNA to relieve two types of steric clashes among the bound peptides (22) . In the present work, we have used the circular permutation polyacrylamide gel retardation assay (44) to confirm and amplify these findings and to examine the DNA bending relationships among different p53 response elements. The gel retardation assay is based on the assumption that static bending in DNA leads to a reduction in gel mobility as predicted by the Lumpkin-Zimm reptation model, in which the mobility of DNA through a gel is a quadratic function of its mean square end-to-end distance (45, 46) . Uniform length DNA fragments show increasingly anomalous electrophoretic mobility on polyacrylamide gels, as the bending locus is moved from the ends to the center of the DNA fragment. Although the relationship between electrophoretic mobility and conformation for protein-DNA complexes is complex, a comparison of the mobilities of circularly permuted p53DBD-DNA complexes allows a relatively precise determination of the DNA bending locus and an estimate of the bending angle (38, 47) .
Gel mobility retardation data for all circularly permuted fragments containing p53DBD bound to p53 consensus, p21/ waf1/cip1, symmetric, RGC and SV40 response elements (Fig.  1) are shown in Fig. 2 , A-E. Corresponding plots of relative gel mobility as functions of flexure displacements of different DNA sequences are shown in Fig. 2, F-J . The unbound fractions of the circularly permuted DNA fragments in all of the gels (bands marked as F in Fig. 2, A-E) show similar mobilities on the polyacrylamide gels, whereas the mobilities for bound fractions (bands marked as C) are clearly anomalous. The mobilities are maximum when the bound response elements are near the ends of the fragments (lanes marked as M and B) and SCHEME 1 minimum when they are near the centers (lanes marked as E). Intermediate mobilities are observed at intermediate positions (lanes marked as Nh, Sp, S, and Nc). In particular, the bound fractions for the p53 consensus, p21/waf1/cip1, and symmetric response elements (Fig. 2, F-H) show much higher migration anomalies compared with RGC and SV40 (Fig. 2, I and J) , as is evident also from a comparison of calculated ␣ values for these sequences. Nevertheless, all of the response elements investigated show gel migration anomalies characteristic of proteininduced DNA bending, and the smallest bending angle observed, ␣ ϭ 25°for the SV40 site (Fig. 4, E and J) , still represents considerable DNA bending in this complex.
The data of Fig. 2 support the interpretation that the observed electrophoretic mobilities depend upon the position of the bound p53DBD within each DNA fragment and hence that the mobility anomalies must be due to DNA bending. However, to ensure that the gel conditions used were not a factor in the apparent differences in mobility, identical experiments were also carried out using 4 -10% polyacrylamide gels and over different time intervals. In all cases, the most anomalous (retarded) mobilities occurred with the p53DBD bound to the fragment digested with EcoRV in which the p53 binding site was located in the center of the fragment. Displacement analyses of the gel data similar to Fig. 2, F-J, showed the bending loci to be centered in the p53 binding sites, i.e. at bases C 9 -G 12 ( Fig. 1A, a-e) . In all of these cases, the calculated bending angles obtained using the geometrical model of Ferrari et al. (38) were identical to those in Table I and Fig. 2 , F-J: 52°for the p53 consensus sequence; 48°for the symmetric sequence; and 50, 37, and 25°for the p21/waf1/cip1, RGC, and SV40 response elements, respectively. Bending angles were also calculated using a semiempirical equation developed by Thompson and Landy (39) and were found to be consistent within the error limits of the experiments (see "Materials and Methods").
Electrophoretic Mobility Shift Assays and Quantitation of Apparent Equilibrium
Binding Constants-Electrophoretic mobility shift assays (EMSAs) on polyacrylamide gels represent a powerful approach to the analysis of both the qualitative and quantitative aspects of protein-nucleic acid interactions. A number of studies have indicated that accurate equilibrium binding constants of protein-DNA complexes can be obtained using EMSA under carefully controlled conditions (48, 49) . Fig. 3 shows EMSA results for the p53 binding sites studied here with increasing amounts of p53DBD. The p53 consensus, p21/waf1/cip1, and symmetric sequences show a highly cooperative tetrapeptide binding with the p53DBD starting at relatively low protein concentrations (DNA:protein molar ratio Յ5, bands marked as C, Fig. 3, A-C) , and with no other species of lower stoichiometry. The RGC sequence under identical protein concentrations shows reduced p53DBD binding with much less cooperativity (bands marked as C, Fig. 3D ). The tetramer complex appears to undergo weak dissociation under identical gel conditions. The SV40 binding sequence shows the weakest binding of all of the sequences investigated here. The tetramer complex starts to appear only at a 10 M excess of p53DBD and is not fully titrated even at an 80 M excess of p53DBD (bands marked as C, Fig. 3E ). Despite their relatively weak binding affinities, the RGC and SV40 sequences do not produce appreciable species of intermediate stoichiometry, although a slight band smearing is visible between the free DNA and tetramer bands.
A quantitative analysis of the gel mobility shift data of three such independent experiments is presented in the form of Bjerrum plots of the fraction of free DNA versus the log of p53DBD concentration in Fig. 4 , A-E. Estimates of equilibrium dissociation constants, obtained as described under "Materials and Methods," are given in Table I ; p53DBD associates with the consensus, p21/waf1/cip, and symmetric sequences with mean equilibrium dissociation constants of 3.7 ϫ 10 Ϫ9 M, 7.0 ϫ 10 Ϫ9 M, and 9.0 ϫ 10 Ϫ9 M, respectively and with RGC and SV40 sequences with respective values of 1.8 ϫ 10 Ϫ8 M and 3.0 ϫ 10 Ϫ8 M. Thus, the binding affinities of p53DBD with the RGC and SV40 sequences are 5-12-fold reduced over those of the other binding sites. A visual estimation from the slope of the transition curves also indicates that the binding cooperativity of p53DBD with the consensus, p21/waf1/cip and symmetric sequences is significantly greater than with the RGC and SV40 sequences.
We have used the method of Brenowitz and co-workers (43, 49, 50) to estimate the cooperativity parameter, k 12 , from the EMSA data for p53DBD with the symmetric binding site, which has two identical half-sites. Since minimal p53DBD binding occurs only to the decameric half-site with negligible binding to single pentamers, 2 we can rationalize our present results using a two-site cooperative model in which binding of pairs of p53DBD peptides occurs independently to each (decameric) site (see "Materials and Methods"). The fractions of bound and free DNA were plotted versus the log of protein concentration, and the data were fitted to Equations 4 and 6, respectively. For binding to two identical and noncooperative half-sites, k 1 would equal k 2 , and k 12 would be 1. For the full 20-bp symmetric site, bound and free DNA fractions from integrated band intensity data (Fig. 3C) were plotted in the form of Bjerrum plots and were fitted to Equations 4 and 6 (see "Materials and Methods") for various values of k 12 , constraining k 1 ϭ k 2 . The cooperativity parameter k 12 Ϸ 170 was calculated based on the best fit data. Our data suggest that p53DBD binding is much more cooperative to asymmetric sites such as p53 consensus and p21/waf1/cip1, but this additional cooperativity could not be quantitated for these binding sites since the two half-sites are different. The method of quantitating cooperativity used here is not as robust as the method based on DNase footprinting (51), but we nevertheless believe that the present results provide a meaningful comparison of cooperativity effects between the binding of p53DBD and other specific DNA binding proteins (50, 52) . DISCUSSION We have summarized our data on the DNA bending and binding properties of p53DBD with different response elements in Table I . It is clear that the p53DBD binding induces considerable bending in all of the DNA binding sites studied. The propensity for DNA bending appears to be correlated with specific sequence elements. The p53 consensus, p21/waf1/cip1 and symmetric binding sites, which are significantly more sharply bent, have a d(CATG) sequence element at the pentamer junctions, whereas the RGC and SV40 sites have d(CTTG) elements at these same locations (Fig. 1) . The equilibrium dissociation constants determined here for the p53 consensus, p21/waf1/cip1, and symmetric binding sites are in the range of 3.7-9 ϫ 10 Ϫ9 M, which is in general agreement with the result from analytical ultracentrifugation of
Ϫ8 M for the p21/waf1/cip1 response element (21) . The binding to RGC and SV40 sequences is much weaker (K d values are 1.8 and 3.0 ϫ 10 Ϫ8 M for RGC and SV40 sequences, respectively). The 5-10-fold discrepancy between these sets of values may be due to a lower dissociation rate of the complex in polyacryl- amide gel due to caging effects (52) . Although p53DBD is found to bind cooperatively to all of the investigated binding sites, the EMSA data strongly suggest that the binding of p53DBD with the latter two response elements is also much less cooperative (Fig. 3, D and E, and Fig. 4) . The data also point up a clear correlation between the observed DNA bending angles and the estimated free energies of binding (Table I) . The response elements with higher bending angles in the nucleoprotein complex also show a tighter binding of p53DBD with the DNA, whereas the binding sites with the lower bending angles show much weaker binding. These results suggest that the energetics of DNA bending contribute significantly to the site-specific binding of p53DBD with the response elements. A number of studies have shown a correlation between the binding affinity of the p53 with response elements and the transcriptional activation of nearby reporter genes (20, 25, 53, 54) . A similar correlation has also been observed in the case of TATA-binding protein, which also bends its target binding sites (32) . It is possible that p53 differentially fine tunes the transcriptional activation of its target genes by its interaction with the responsive promoters, and the free energy of binding and DNA bending play significant discriminatory roles.
The results presented here are consistent with a structural model for the p53DBD-p21/waf1/cip response element complex developed by us from molecular modeling studies based upon the cocrystal structure of the p53DBD peptide (18) and high resolution specific protein-DNA contacts obtained using high resolution chemical probes (22) . In this model, four p53DBD peptides bind to the full 20-bp response element in a staggered array, with each peptide binding to a single pentamer. The DNA is bent away from the complex to alleviate severe interpeptide clashes. These are fully relieved if the p21/waf1/cip1 DNA is bent by a 15°positive roll toward the major grooves in d(CA)⅐d(TG) dimers at the positions indicated by double arrows: GAAC a A͉TaGTCCCAACaA͉TaGTTG. In the model, the roll in the d(CA)⅐d(TG) doublets at the pentamer junctions leads to an overall bend of 50°over the full response element. This is fully consistent with bending angles reported in this work for the p53 consensus, p21/waf1/cip1, and symmetric sequences, all of which have conserved d(CATG) sequence elements at the pentamer junctions. The putative rolls in the d(CA)⅐d(TG) steps are consistent with the flexible character of these dinucleotides in free B-DNA (55) (56) (57) and in protein-DNA complexes as shown by crystallography (58, 59 ) and gel electrophoresis (23, 60, 61) . Energy calculations have also suggested that these dinucleotides can bend anisotropically toward the major groove (62) . In the present comparison, however, the RGC and SV40 binding site sequences have d(CTTG) sequences at the pentamer junctions. These can presumably also roll toward the major groove at the d(TG) steps, but the overall bending would be expected to be less, and the conformation of the complex would be affected by the replacement of d(CA) by d(CT) dinucleotides at critical putative bending sites in the response elements. We propose that the higher bending and the binding affinity in the case of p53 consensus, p21/waf1/cip1, and symmetric sequences is mediated by the greater inherent flexibility associated with the critically positioned d(CATG) sequence elements.
It is known that d(CA)⅐d(TG) sequence elements are ubiquitous in promoter and other genomic regulatory sites and are particularly so in those sites for which DNA bending has been demonstrated or is thought to occur in regulatory nucleoprotein complexes (63) . It is a reasonable postulate that binding specificity as well as complex stability may be enhanced by flexibility in binding site DNA, leading to more precise and perhaps more extensive protein-protein interactions and protein-DNA contacts (55, 56, 62, 64) . Most functional p53 binding sites contain helically phased d(CA)⅐d(TG) sequence elements in approximately the same relative positions. This requirement may also provide a structural explanation for the fact that p53 response elements that contain spacers between the palindromic half-sites have generally been observed to be highly unstable and nonfunctional (16) .
The data presented in this paper suggest that the sequencedependent structural and dynamical properties of the DNA modulate both the stability and structure of p53DBD nucleoprotein complexes and may therefore have profound effects on the function of wild type and mutated p53. The present results also imply that both the sequence specificity of binding and the stability of p53-DNA nucleoprotein complexes are mediated by a complex interplay of protein-protein interactions and sequence-specific protein-DNA contacts, both of which are in turn regulated by sequence-specific flexibility in the structure of response element DNA.
